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1. Introduction 
A symposium on iron-based catalysts for coal liquefaction was held at the 205th ACS 

National Meeting[l]. and some of the p a p  have been published in Energy & fietels[2]. Reviews 
of the development of catalysts for coal liquefaction were also published in Journal of the Japvln 
Insrimre of Energy[3], and Ozaki reviewed the results of the studies of upgrading residual oils by 
means of thermal cracking and c d t i g  under reduced pressures, catalytic cracking over nickel ores 
and iron oxides, and hydrodesulfurization. as well as hydrodemetallization[4]. We reported that 
catalysis of metallic iron and iron-sulfide catalysts were affected by the S/Fe ratio; the activity 
i n m s e d  with pyrrhotite formation and the activity was accelerated by the presence of excess 
sulfur[5-8]. Activity of pyrite FeS, for phenanthrene hydrogenation[9] and activity of natural 
ground pyrites for coal liquefaction[lO] decreased with storage under air. On the other hand, the 
NEDoLprocess for a coal liquefaction pilot plant of 150 t/d which is one of the national projects 
in Japan, will use pyrites as one of the catalysts for the first-stage because FeS, has high activity 
and is low in price. In this paper, we describe in detail the role of iron catalysts in 
hydroconversion of aromatic hydrocarbons such as diphenyl (DPh), dinaphthyl (DNp) and 
diarylalkanes (DAAs) constructed with monocyclic aromatic-units and/or bicyclic aromatic-units 
and both monocyclic and bicyclic aromatic units and linked with from one to three 
methylene-groups. 

2. Experimental 
Materbls: (I-Naphthy1)phenylmethane (NPM) and di(1-naphthyhethane (DNM) were 

synthesized by heating naphthalene (NpH) with benzyl chloride and 1-chloromethylnaphthalene in 
the p e n c e  of metallic zinc powder catalyst, respectively[ll], and 1,2-di(l-naphthyl)ethane 
(DNE) was synthesized by the reaction of I-bromomethylnaphthalene with metallic iron powder 

catalyst in boiling water [12]. 1.3-Di(l-naphthyl)ppane (DNP) was synthesized by a coupling 
reaction of 1-naphthylmagnesium bromide with 1.3-dibromopropane in the presence of copper(1) 
bromide catalyst in hexamethylphosphric biamide (HMPA) solvent [13]. These diarylalkane 
(DAAs) were purified using conventional methods such as vacuum distillation, separation with 

silica and alumina column chromatography and rrcrystallization from the solutions. The other 
substrates such as 1-methylnaphthalene (1-MN), diphenyl (DPh). 1,l'-dinaphthyl (DNp). 
diphenylmethane (DPM), 12diphenylethane (DPE), 1,3-diphenylpropane (DPP), triphenyl- 
methane (TF'M), 1-[4-(2-phenylethyl)benzyIlnaphthalRle (PEBN); hydrogen-donors such as 
telralin (THN), 9.10-dihydrophenanthrene (DHP) and 9,lO-dihydroanthracene (DHA); and the 
solvent decalin (DHN). were purchased commercially and further purified, if necessary, by 
conventional methods. Pyrite FeS, and metallic iron ultra f i e  powder Fe were 
synthesized by Asahi Chemical Industry Co. Ltd. and Vacuum Metallurgical Co. Ltd., 
respectively. procedure: In typical reactions, 1.0 g of I-MN or PEBN or 7.7 mmol of D h .  
the prescribed amount of FeS, or Fe catalysts and 30 ml of DHN, as well as the prescribed amount 
sulfur (SFe ratio = 2.0) if necessary. were placed in 90 ml or 150 ml stainless steel, magnetically 
stirred autoclaves. After pressurization with 10 MPa of hydrogen. nitrogen or argon. the 

Catalysts: 

^" Present Address: 'Department of Coal Reparration snd Utilization. China Univewrsiiy of Mining snd 
Technology. Xuzhou (221008). Jiangsu, China: h r f a c e  Characterization Laboratory. National Institute of Malerids 
and chemical Research. 1-1, !gashi. Tsukuba-shi, Ibaraki 305. Japan; 'Depament of Industrial Chemistry, College 
of Science ard Technology. Nihon Universlly, 1-8. Surugadai. Kanda, Chiyoda-ku. Tokyo 101. Japan. 

940 



I 

autoclave was heated to the desired reaction temperature from 300°C to 400°C within 20 min and 
maintained for 1 hr. It was then immediately cooled in an ice-water bath. Analyses: The reaction 
Products were identified by GC-MS (Shimadzu GCMS QP-1000, equipped with a 0.24 nun (I.D.) 
x 50 m (I,.) glass capillary column chemically bonded with OV-1 )and quantified by GC 
(Shimadzu GC-lSA, equipped with the same capillary column ). Oxidation of FeS, CarOlySl: 

FeS, was oxidized at room temperature. 80°C. 150°C and 200°C for the desired time under 
atmospheric air. The bulk structure of iron catalysts oxidized and recovered after the reaction was 
analyzed by using XRD ( Rigaku tknki Model RlNT 2400 ) and XPS (Perkin-Elmer Model PHI 
5500). Substrates and the notations areshown in following: PI . -  

Qc c c  
PHN 6 6 6 -$ 

DPP TPM DNp PNM DNM 
DPM DPE 

DNE DNP pEBN 
3. Results and Discussion 

Thermolysis of aromatic hydrocarbons was strongly affected by the bridged-methylene 
length, aromatic-ring size in the arylalkane structure. and the presence of molecular hydrogen (H,) 
in the reaction system as shown in Table 1. Under treaction conditions of 4oooC for 1 hr. DPM 
was very stable in both the absence and presence of H,. The reactivity of diarylalkanes (DAAs) 
constituted of two phenyl-rings increased in the following order: DPM << DPE << DPP. These 
conversions were slightly increased by the presence of H,. Generally, the reactivities of DAAS 
constituted of two naphthyl-rings were higher than those of diphenylalkanes (DPAs). It is 
particularly remarkable Uiat many radical-adducts between species formed from C,,,k-Co,k bond 
cleavage and solvent DHN molecule was recovered. and many phenylethyldecalins and 
naphthylethyldecalins were produced especially in the case of diarylpropane thermolyses and the 
formation was slightly depressed by the presence of gas phase H, molecule. From other 
experiments it was shown that the reaction between styrene and DHN under the same reaction 
conditions formed many phenylethyldecalins as solvent adducts. suggesting that these solvent 
adducts were produced when arylethylenes were formed in the reaction system. These results 
ultimately indicate that C-C bond scission was proceeded by a radical chain reaction and the 
reactivity of DAAs was governed by dissociation energy of C,,k-C,,k and C,,&,, bonds in the 
absence of catalyst. 

Tables 2 and 3 show the effect of bridged methylene length in the diarylalkane structure on 
the hydmonversion with pyrite FeS, catalyst at 300°C for 1 hr, and the effect of aromatic 
ring-size and number in the arylalkane structure. DPE and DPP were not converted even after IO 
hrs. The reaction of DPh yielded only cyclohexylbenzene via the hydrogenation of one 
benzene-ring. DPM hydrocracking also proceeded via the C,,-Co,t bond scission, but DPM was 
much less reactive than triphenylmethane CTPM). DNp hydrocracking resulted in the 
corresponding tetra-hydrogenated 1 ,l'-dinaplithyls as main products. Reactivity of DNM was the 
highest in this hydroconversion series. DNM hydrocracking mainly produced naphthalene (NpH) 
and I-MN, via hydrogen addition to the ipso-carbon of DNM. Only a small amount of 
hydrogenated di(l-naphthyl)methanes (H-DNMs) was produced. DNM hydrocracking was much 
easier than that of DPM and TPM. Drastically different from DNM, the reactions of DNE and 
DNP mainly yielded the hydrogenated 1,2-di(l-naphthyl)ethanes (H-DNEs) and the hydrogenated 
1,3-di(l-naphthyl)propanes (H-DNPs) rather than decomposed products, respectively. The result 
shows that the cleavage of the C,,-C,,t linkage in DNE and DNP is much more difficult than that in 
DNM. The total selectivity of decomposed products in the case of DNp was higher than that in 
DNE hydroconversion. Reaction of DNP mainly produced hydrogenated 1,3-di(l-naphthyl)- 
propanes (H-DNPs), and a small amount of hydrocracked products such as NpH and (I-naphthyl) 
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propane (1-NP). Table 4 shows the effects of Fe and FeS, catalysts and reaction temperature on 
the hydroconversion of DPM. FeS, catalyst has more hydrocracking sites than hydrogenation 
sites. while Fe catalyst has highly active sites and mainly produced hydrogenated 
diphenylmethanes (H-DPMs). 

Table 5 shows the additive effects of hydrogendonors (H-donors) on DPP thermolysis and 
the additive effects of metallic Fe and FeS, catalysts on DPP hydroconversion at 4oo°C for 1 hr. 
DPP conversion decreased with H-donor addition in the order: none > THN >> DHP > DHA. 
These results are easily undexstood because the resulting PhCH,' abstracts hydrogen atoms from 
the Hdonors readily more than it does from DPP. In other words, the H-donors inhibited the 
radical chain reaction in DPP thermolysis by donating their benzylic hydrogen to PhCH,'. Table 5 
also demonstrates the catalytic effects of FeS, and Fe on the DPP thermolysis when compared 
with the non-catalytic reaction of DPP under H, of 10 Mpa at 400°C. FeS, greatly promoted 
C,,-C,,k bond scission as DPP hydrocracking. Under H,, the rate for DPP hydrocracking in the 
presence of FeS, was ca. 2-fold faster than that in the absence of the catalyst and dramatically 
decreased the formation of solvent adducts. Fe catalyst promoted DPP hydrogenation, but DPP 
conversion was low, about the same as that under N,. 'fhis result suggests that Fe catalyst 
promoted DPP hydrogenation and inhibited thermolysis. The inhibiting effect of Fe on DPP 
thermolysis remains to be investigated. It appears remarkably that the formation of solvent 
adducts such as phenylethyldecalins (PEDS) was drastically inhibited by FeS, and metallic Fe 
catalysts. 

FeS, was oxidized to ferrous sulfate FeSO,'H,O even at w m  temperature under 
atmospheric air, and the catalytic activities of oxidized FeS, on I-MN hydrogenation were 
decreased with increases in the storage time. Recently, Linehan and co-workers [14,15] reported 
the C-C bond scission activity of PEBN on well-characterized eleven synthesized iron-oxygen 
compound catalysts in the presence of elemental sulfur and a hydrogen-donating solvent in detail. 
As shown in Figs. 1 and 2, thermolysis of PEBN under Ar was stable, but the conversion of 
PEBN was effectively accelerated in the presence of 10 MPa H, and the main readon was 
changed from C,,k-C,, bond scission (Route [A] )  to C,,-C,, bond scission (Route [a). Metallic 
Fe catalyst mainly accelerated the hydrogenation (Roufe [B] ) ,  and FeS, catalyst promoted C-C 
bond scission of Roufe [a. FeS, catalyst activity was decreased with the oxidation of FeS, by 
oxygen in the air. However, the deactivated FeS, catalysts were mactivated by the presence of 
excess elemental sulfur in the system, and the reaction proceeded along Roufe [C]. 
4. Concluding Remarks 

Hydroconversion of aromatics and arylalkanes as a model reaction of coal liquefaction and 
heavy petroleum residue degradation was carried out in the absence or presence of metallic iron Fe 
and pyrite FeS,. Thermolysis of some diarylalkanes proceeded slowly by the radical chain 
reaction. The reaction rate was reduced by the addition of hydrogen-donating solvents and was 
slightly accelerated in the presence of hydrogen molecules. Metallic Fe catalyst accelerated the 
hydrogenation of aromatic-rings, esp ia l ly  bicyclic-rings, more than that of monocyclic-rings. 
FeS, catalysts, which is converted to  pyrrhotite Fe,,S under reaction conditions, promoted 
C,,-C,, bond cleavage of diarylmethanes only, and also promoted the hydrogenation of 
diarylethanes and diarylpropanes. C-C bond cleavage of arylalkanes was related to the 
hydrogen-accepting ability. C-C bond dissociation energy and resonance energy of the species 
after C-C bond scission. Oxidation of pyrites and its catalysis were also investigated. It was 
found that the catalytic activity of pyrites in the hydrogenation of 1-methylnaphthalene and 
1-[4(2-phenylethyl)benzyllnaphthalene decreased with oxidation under air, and deactivated pyrites 
was reactivated by addition of sulfur to the reaction system. 
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Table 1 Effect of Chain-length and Rlng-sizefn the Diarylalkanc Structure and 10 MPa of 
H y d a t 4 M l  Cfor 1 hr. 

Substrate 

0 
selectivity (mol % ) 

Benzene o o 0 98.2 o 3.4 o o o n 
Naphthalene 0 0 0 0 0 0 61.7 1.5 12.6 0 
Arylmethane o o 20(r 101.a' 100' 96.6' 61.7b 174.4~ 1 3 2 . ~ ~  105.0b 
Arylethane 0 0 0 98.2' 2.9' 16.5' 0 9.7d 6.8 
Arylethvlene 0 0 0 0 9.8" 6.2' 0 0 0 14.9' 

Table 2 Elfects of Chain-length in the Diqlalkane S~NC~UIX on Hydmconversion with 
b i l e  F e m 0 0 " C  for 1 hr. 

6.2) (36.1) (0) (0)  --- --- _ _ _  _ _ _  
Selectivity( mol 9% ) 

Beraene 0 1 0 0  0 0  0 0 0 0  
Naphthalene 0 0 0 0 17.3 95.7 1.8 10.3 
ArylmelhanC 0 loob 0 0 0 89.0' 2.3' tr' 

H-DAAs 100 0 0  4x3' 2.9 868 88.1 

Arylelhane ' 0 0 0 0 0 ' 0 o.Ad tr" 
Arylpropnc 0, 0 0 0 0 0 0 7.0 

a: ReactionTme 10 hrs: b Toluene: c: 1-Melhylnaphlhdene: d Elhylnaphlhalene: e: HydmgnrsM 
Diarylalkanes: I: Cyclohenylbwzme: 8: HydmgRlsted Diaphlhyls. 
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Table 3 EIlects of Ring+ v d  Number in the D ia ry lmee  Slr~cture 
0- C for 1 hr. 

DPM WM NPM DNM 
3.1 36.1' 21.4 86 92 

Selectivity ( mol 96 ) 
Benzene 100 99 102.6 tr 0 
Naphthalene 0 0  96 
mlmethane 100' 99' g.6' 76:' 89' 

Telralins 0 0 0 9.3 7.9 
Diarylmethane --- --- 97.k 12O -_- 
H-DAAs' 0 1.5 W 15 2.9 

a: Reaction Time IO lus: b: Tolumc: c. I-Melhylnaphhlcne: d: Diphenyhelhane: 
E: (Z-NsphlhylJ-phmylme~~c; 1. Hyckqenared diqlalkanes. 

Table 4 Effects of Iron Catalysts and Reaclion Tempxature on Hydroconversion 
of Diohnvlmdhanc for 1 hr. 

Tcm , Caialysi ( g )  COW. &&$itv ( mol % ) 
("c o )  CHx' PhH MCP To1 DCHM BCH 
300 Fe (0.23 ) 58.4 0 0 0 0 13.4 86.6 
300 FeS, (0.50)' 3.1 0 100 0 100 0 0 
400 Fe (0.02)' 79.3 3.2 0 9.8 0 42.1 57 
400 FeS. (0 .50 )  59.1 0 98 0 97.2 2.4 0 

a: Cyc lohexk :  b w, ~,Methylcydohexanc: d: Toluene: e: Dicyc~ohexyhcthane: 
I: &nzykyclohexam: 8: Addi lc~ of Sulfur 0.05 8. 

Tabic 5 Additive Fllect of Hydrogcn-Donating Solvcnts and Iron Catalysts on Conversion 
R c a c l ~ o n _ o L D _ i p h c ~ l ~ ~ ~ ~ c - a I ~ C l o r l h f  

Additive (g) Gas React. Conv. SleCtivity ( mo10/0) 
Phase Timethi1 (Yo) PhH' Tal' Elmd S& CHPP' BCHP P E D L  

1 39.9 0 100 2.9 9.8 0 0 87.4 
71)s 3 1 28.6 0 100 3.8 19.5 0 0 76.7 

DHP 7.5' N: 1 7.4 0 100 6.4 39.8 0 0 53.8 

None 0 1 4615 3.4 96.6 16.5 6.2 0 0 73.4 
None 0 $ 2 7:.1 :.I E 9  ",.I :.I 0 68.9 

Fe 0.02 2 65.9 10.7 53.948.8 0 26.9 8.5 15.8 
FeS 0.5d 2 1 69.7 8.7 87 .6872 2.6 3.7 0 0 

~ e S ~ O . S d - H : _ _ 2 ~ 6 _ _ 9 , 8 6 . 8 8 6 . ~ 1 . 9 _ 3 5 0  0 
a: Rcacuon Condilion DPP 7.5 m o l .  DHN 30 ml. PH2 IO MPa: b Benzene: c: Toluenc: d: Elhylbcmcnc: 
e: Slyrene: I: C~clohe~ lphcny l~ ropane :  8: Bicyclohcxyllropane: h Phenylelhyldceslins: i: m o l :  
j: Additionof Sulfur 0.05 8 .  

- D H A L N  1 1 0 . 9 2 .  0- 

Fe 0.02 H, 1 40.0 6.6 63.4 56.2 0 24.7 5.3 13.8 

100 

:f-J 40 

20 

0 o z 4 B a i o  1 2 1  
Rescllon Time ( hr I 

:ig. 2 Reaction 01 1-[4(2-Phenylethyl)benzyl]naph~halene 

Fig. 1 EHecl of Reaction Time on the Conversion Reactlon 
01 1 -[4-~2-Phenylethyl)benryllnaphthalene. 

0 HI. 350°C. 0 Hz .380"C. 0. HZ . 400'C. 0 ' Ar .380"C. 

A .  H2. 380'C. Fe Cal(0 05 g) 

ReaCrtonCondilwlns PEEN 1 Og. DHN 30ml PH2 1OMPa. 

' Ar. 400°C. A: H2 - 380°C. DHA Adalllon(0HNPEBN = 3 0). 
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